Pathogenic intestinal spirochetes of swine include Serpulina hyodysenteriae, a strongly ß-hemolytic spirochete that causes swine dysentery, and S. pilosicoli, a weakly ß-hemolytic intestinal spirochete (WBHIS) that causes porcine colonic spirochetosis. Because of the existence of nonpathogenic WBHIS in the normal swine colon, it is important to develop laboratory procedures for accurate identification of S. pilosicoli. The purpose of the present study was to assess hippurate hydrolysis and polymerase chain reaction (PCR) amplification of specific 16S ribosomal RNA (rRNA) sequences for identification of porcine S. pilosicoli. Additionally, the enteropathogenicity of 8 field isolates of porcine S. pilosicoli was determined by challenge exposure of 1-dayold chicks and sequential histologic examination of the cecal mucosa. The field isolates of porcine S. pilosicoli hydrolyzed hippurate and yielded S. pilosicoli-specific products by PCR amplification of 16S rRNA sequences. Although all of the field isolates of porcine S. pilosicoli attached to the cecal epithelium of challenge-exposed chicks by day 21 postinoculation, some isolates had locally invasive phenotypes. We concluded that identification of porcine S. pilosicoli could be made on the basis of results of hippurate hydrolysis and 16S rRNA PCR amplification. Challenge inoculation of 1-day-old chicks followed by histologic examination of the cecal mucosa demonstrated the enteropathogenicity of porcine S. pilosicoli.
methods, these porcine WBHIS have been shown to belong to a phyletic group distinct from but related to S. innocens. 4, 26 The spirochetes were propagated on trypticase soy agar with 5% titrated sheep blood (TSAB) incubated anaerobically b at 42 C or in prereduced anaerobically sterilized trypticase soy broth (PRAS) as previously described. 2, 19 Broth cultures were grown to late logarithmic phase (approximately 10 8 cells/ml) in 5-ml volumes using Hungate tubes and were stirred constantly at 37 C under an atmosphere of 10% hydrogen, 10% carbon dioxide, and 80% nitrogen.
Phenotypic characterization. Hippurate hydrolysis was determined using a previously described method. 27 Spirochetes harvested from surface growth on TSAB were suspended to turbidity in 1% hippurate solution c and incubated at 37 C for 2 hr. To avoid false-positive results, spirochetes from broth cultures were washed once in sterile water before transfer to the hippurate solution. At the end of the incubation period, 200 µl of ninhydrin reagent c was added and incubation was continued for an additional 10 min at 37 C. Development of a purple color indicated positive hydrolysis of hippurate. Strain P43/6/78 and strain B78 were used as positive and negative controls in all assays, respectively.
Genotypic characterization. The chromosomal DNA of the spirochetes was extracted, using a previously described method. 26 Serpulina pilosicoli-specific 16S rRNA gene sequences were amplified using 2 different PCR methods. The first method has been described. 25 A second 16S rRNA PCR assay was designed for this study. It consisted of the same 21-base forward primer (Acl) sequence, 25 extending from base position 165 of S. pilosicoli isolate P43/6/78 16S rRNA d and consisting of nucleotides 5'-AGAGGAAAGTTTTTTCGCT TC-3'. However, instead of the universal eubacterial 16S rRNA sequencing primer (1492r), 25 a new 20-base Serpulina spp. conserved 16S rRNA reverse primer at position 506 of S. pilosicoli with the sequence 5'-TCCGCCTACTCACCCT TTAC-3' was designed. A negative control sample, without template DNA, was included in all assays. The DNA was amplified using a thermocycler e in a total volume of 50 µl containing 6 mM MgCl 2 , 1 x PCR buffer, 0.4 mM each dATP, dTTP, dGTP and dCTP, e 100 pmol of primers, and 1.5 U Taq DNA polymerase e in filtered, autoclaved water. Initial denaturing was for 10 min at 94 C, followed by 35 cycles of 45 sec at 55 C, 45 sec at 72 C, and 90 sec at 94 C. The amplified products were visualized in 2% agarose gels that were run at 3 V/cm and stained with ethidium bromide.
Enteropathogenicity for chicks. White Leghorn chicks were obtained from a commercial supplier f immediately after hatching. The chicks were randomly assigned to groups of 3 birds per cage and were housed and cared for in accordance with approved guidelines of the University of Nebraska-Lincoln Institutional Animal Care and Use Committee. The chicks were fed a commercial diet and tap water ad libitum. For the first 7 days, the birds received 24 hr of light/day, and then the light was reduced to 16 hr/day. On the day of hatching, the chicks were inoculated with 0.5 ml of either sterile PRAS or PRAS containing either S. innocens or S. pilosicoli. On days 7, 14, and 21 postinoculation (PI), the chicks were euthanized, and ceca were processed for bacteriologic and histopathologic examinations. 2, 4, 6, 23, 24 The interactions of spirochetes with the cecal epithelium was determined by light microscopic examination of sections fixed in Karnovsky's fixative (2% paraformaldehyde, 2.5% glutaraldehyde in 0.1 M Sorenson's buffer, pH 7.2), embedded in paraffin, sectioned at 3 µm, and stained with hematoxylin and eosin and War-thin-Starry stain. 15 Pooled samples of cecal contents from chicks in the same group euthanized on the same day PI were examined for the presence of salmonellae using a previously described procedure. 3
Results
Phenotypic and genotypic characterizations. Results of phenotypic and genotypic characterizations of S. hyodysenteriae, S. innocens, and S. pilosicoli are presented in Table 2 . Amplification of S. pilosicoli-specific 16S rRNA sequences by PCR yielded high molecular weight PCR products (HMW-PCR) of 1,250 and/or 1,300 bp with the first PCR method 25 using S. pilosicoli isolate P43/6/78 and the field isolates of porcine WBHIS ( Fig. 1A) . By contrast, a single low molecular weight PCR product (LMW-PCR) of approximately 361 bp was amplified when the newly designed primers were reacted with S. pilosicoli isolate P43/6/78 and the field isolates of porcine WBHIS ( Fig. 1B) . No amplification products were observed in the absence of template DNA or with DNA from S. innocens and S. hyodysenteriae with either PCR amplification method.
Enteropathogenicity for chicks. Grossly, the ceca of chicks inoculated with either sterile PRAS or PRAS containing either S. innocens or porcine S. pilosicoli had no significant changes; the cecal contents were yellowish brown, foamy, and semisolid. Histologically, the ceca of chicks inoculated with sterile PRAS or PRAS containing S. innocens had tall columnar epithelium without spirochetes. By contrast, the ceca of chicks challenge exposed with PRAS containing porcine S. pilosicoli had focal to diffuse spirochetal adherence to the epithelium (Table 3 ). The cumulative percentage of challenge-exposed chicks with adherent spirochetes in their ceca remained approximately 50% from day 7 to day 21 PI (Table 3 ). In addition to spirochetal adherence, the ceca of chicks challenge-exposed with PRAS containing porcine S. pilosicoli isolates UNL-3, UNL-5, UNL-8, D9201243A, T9300098, and T9301604B had spirochetes focally invading between degenerate and necrotic epithelial cells at the extrusion zone between adjacent crypt units ( Fig. 2-5 ). Epithelial cell necrosis accompanied by multifocal spirochetal invasion of the lamina propria was present in sections By contrast, large numbers of WBHIS were isolated from the ceca of chicks challenge exposed with PRAS containing porcine S. pilosicoli. Salmonellae were not isolated from the ceca of any of the chicks.
Discussion
Detailed phenotypic and genotypic characterization of intestinal spirochetes has led to major advances in our understanding of the molecular epidemiology of spirochetal diarrhea in human beings and animals. 2, 4, 6, 8, 9, 12, 14, 18, 20, 21, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Because of the diversity of WBHIS normally present in the intestinal tract of swine and the widespread occurrence of nonpathogenic WBHIS, including S. innocens, isolation of WBHIS from swine colons is only suggestive of PCS. Confirmation of a clinical diagnosis of PCS may be obtained by demonstration of spirochetal adhesion to the surface of the large intestine; however, necropsy of pigs is not routinely done in uncomplicated cases of PCS, and this lesion may be transient. Although PCS has a worldwide distribution, it is reported only sporadically, 1, 4, 8, 11, 13, 21, 25, 32 possibly because of 1) failure to use appropriate techniques for primary isolation of S. pilosicoli from intestinal specimens, 6 2) failure to identify S. pilosicoli after isolation, 1, 2, 5, 17, 27 or 3) failure to identify lesions of PCS in tissues submitted for diagnostic evaluation.
Assessment of laboratory procedures for accurate identification of S. pilosicoli indicated that a preliminary identification of the spirochete could be made on the basis of hydrolysis of hippurate. 2, 4, 6, 8, 9, 23, 24, 35 Definitive identification of S. pilosicoli requires amplification of a 16S rRNA gene sequence specific for S. pilosicoli, using PCR amplification. 5, 25 Correlation was high between both PCR methods and the intensity and pattern of hemolysis, the results of hippurate hydrolysis, and enteropathogenicity testing of porcine S. pilosicoli in 1-day-old chicks. Because only the universal eubacterial l6S rRNA sequencing primer (1492r) 25 was changed in the LMW-PCR, variations in the 16S rRNA sequence among S. pilosicoli must account for the differences observed with the HMW-PCR with some human but not porcine S. pilosicoli. Amplification of 1,250-and 1,300-bp bands with isolates T9300098, T9301604B, B359, and B1555a and only the 1,300bp band with isolates P43/6/78, UNL-3, UNL-5, UNL-8, and D9201243A suggested that more than 1 copy of 16S rRNA gene might be present in certain S. pilosicoli, as shown with some members of the Spirochaetaceae. 10 Alternatively there might be a second site of annealing of the universal eubacterial 16S rRNA sequencing primer within the 16S rRNA gene of certain porcine S. pilosicoli. Based on previous negative results with some human S. pilosicoli using the HMW-PCR primers, the LMW-PCR appears more accurate.
Porcine colonic spirochetosis is characterized clinically by cow-manure-like watery to mucoid diarrhea without blood. 1, 4, 11, 13, 32 Although diarrhea can affect up to 50% of pigs in the grow-finish phase of production, depression of weight gain is the most significant finding with PCS, 4, 11, 32 This weight loss is a problem for allin/all-out management systems, in which PCS causes disruption of pig flow because of the uneven size distribution of the pigs and delays in emptying buildings. As a result, the marketing period is extended or pigs are sold at lighter-than-anticipated weights. At necropsy, the cecum and colon of pigs affected with PCS contain abundant watery green or yellow mucoid materials and variable surface exudation and erosion. 1, 4, 11, 13, 32 Early in the infection, spirochetes are seen attached by one of their ends on the surface epithelium of the lower intestine, producing what appears as a dark fringe when examined histologically. 1, 4, 11, 13, 32 These changes have been reproduced experimentally in swine using the porcine S. pilosicoli isolate P43/6/78 32 and an uncharacterized porcine WBHIS. 1 The pathologic changes in chicks inoculated with porcine S. pilosicoli were similar to those present in PCS. These results extend the observations made by others 4, 7, 23, 24, 34 using the 1-day-old chick as a model of colonic spirochetosis. However, cecal epithelial cell necrosis and multifocal mucosal invasion was found with 6 of the 8 porcine S. pilosicoli isolates examined, which suggests variation in virulence among these isolates. Variations in invasive phenotypes has been reported with a human and canine S. pilosicoli isolates, using the 1-day-old chick model of colonic spirochetosis. 24 Because cecal mucosal invasion was not present in all the birds inoculated with the same isolate at all the sampling times, factors associated with the host or the microenvironment of the cecum may play a role in modulation of spirochetal invasion of the cecal mucosa. Serpulina pilosicoli isolates B359 and B1555a, which adhered but did not invade the cecal mucosa of challenge-exposed chicks, did not cause clinical signs or lesions of enteric disease when inoculated into pigs. 17 Because adhesion of S. pilosicoli to the brush border of cecal and colonic enterocytes is a consistent feature of naturally acquired colonic spirochetosis in human beings and animals, it may represent an important virulence determinant in the pathogenesis of the disease. Massive loss of surface area associated with effacement of epithelial microvilli is thought to account for the clinical signs of diarrhea seen with acute PCS. 24 Complete agreement between biochemical and genotypic analyses and the results of challenge exposure of chicks to field isolates of porcine S. pilosicoli supports the usefulness of the chick model for determination of enteropathogenicity of porcine WBHIS of unknown virulence potential.
Spirochetes with phenotypic and genotypic characteristics similar to those of porcine S. pilosicoli have been isolated from feces obtained in developing countries from children with diarrhea and from immunocompromized adults infected with the human immunodeficiency virus and exhibiting chronic diarrhea and wasting. 4, 5, 12, 14, 21, 23, 25, 26, 30 Canine and human WBHIS associated with colonic spirochetosis belong to a phyletic group similar to that of porcine S. pilosicoli, 6 suggesting a broad host range for this newly recognized intestinal spirochete. This finding raises the possibility that S. pilosicoli may be Zoonotic and may have public health significance. 
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